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ABSTRACT 



Or 



Context. The chromosphere remains a poorly understood part of the solar atmosphere, as current modeling and observing capabilities 
are still ill-suited to investigate in depth its fully 3-dimensional nature. In particular, chromospheric observations that can preserve 
high spatial and temporal resolution while providing spectral information over extended fields of view are still very scarce. 
Aims. In this paper, we seek to establish the suitability of imaging spectroscopy performed in the Call 854.2 nm line as a means to 
q , investigate the solar chromosphere at high resolution. 

5_l ■ Methods. We utilize monochromatic images obtained with the Interferometric BIdimensional Spectrometer (IBIS) at multiple wave- 

lengths within the Call 854.2 nm line and over several quiet areas. We analyze both the morphological properties derived from 
narrow-band monochromatic images and the average spectral properties of distinct solar features such as network points, internet- 
work areas and fibrils. 

Results. The spectral properties derived over quiet-Sun targets are in full agreement with earlier results obtained with fixed-slit spec- 
trographic observations, highlighting the reliability of the spectral information obtained with IBIS. Furthermore, the very narrowband 
IBIS imaging reveals with much clarity the dual nature of the Call 854.2 nm line: its outer wings gradually sample the solar photo- 
sphere, while the core is a purely chromospheric indicator. The latter displays a wealth of fine structures including bright points, akin 
to the Call lUy and K.2V grains, as well as fibrils originating from even the smallest magnetic elements. The fibrils occupy a large 
fraction of the observed field of view even in the quiet regions, and clearly outline atmospheric volumes with different dynamical 
properties, strongly dependent on the local magnetic topology. This highlights the fact that 1-D models stratified along the vertical 
, direction can provide only a very limited representation of the actual chromospheric physics. 

Conclusions. Imaging spectroscopy in the Call 854.2 nm line currently represents one of the best observational tools to investigate 



the highly structured and highly dynamical chromospheric environment. A high performance instrument such as IBIS is crucial in 
^— ^ order to achieve the necessary spectral purity and stability, spatial resolution, and temporal cadence. 
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1 . Introduction Among the chromospheric diagnostics accessible to ground- 
based observations, the Call H and K resonance lines 
have been used most ex tensively (see e.g. the review of 
The chromosphere embodies the transition between the photo- iRutten & Uitenbroek|1991|). These lines are the broadest lines in 
sphere and the corona, two regions dominated by vastly different the visible spectrum, sampling a large range in formation height, 
physical regimes. In particular, it is within the chromosphere that and «* the only visible lines that provide a direct indication of 
the plasma 0, the ratio of plasma kinetic pressure to magnetic the chromospheric temperature rise with their H 2 and K 2 emis- 
pressure, falls below unity, signaling a shift from hydrodynamic sion reversals. Because the lines originate from the ground state 
to magnetic forces as the dominant agent in the structuring o f the of a dominant ionization stage, they are mostly collisionally con- 
atmosphere. As ably described in the review of ljud^ jOOg) , the tmlled in the lower chromosphere, and sensitive to local tern- 
combined effects of magnetic field guidance and small scale gas perature to a much larger degree than for instance the hydrogen 
thermodynamics lead to the impressive amount of fine structures Balmer lines. Of these, the Ha line in particular has also been 
(jets, spicules, fibrils, mottles, etc.) that uniquely characterize widel y exp loited esp ecially following the development of the 
this part of the solar atmosphere. Such fine structure represents L Y ot filter dLyot||l933|), which gave rise to the science of 'solar 
a formidable challenge even to the most modern instrumenta- cinematography', i.e. narrow-band imaging obtained at rapid ca- 
tion, as its study requires high spectral resolution, necessary to dence - Even thou 8 h Hff s P ectra are difficult to interpret because 
resolve line profile s encoding large gradie nts or discontinuities of the complicated formation characteristics of this line, much of 
(e.g. the shocks of ICarlsson & Steinill997l) . combined with ex- what we know about the chromosphere derives from the detailed 
tremely high te mporal and spatial resolution (see e.g. the recent Ua morphology observed through Lyot-style filters. 



observations bv lvan Noort & Rouppe van der Voort 2006). 
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A somewhat neglected, but no less interesting, chromo- 
spheric diagnostics is represented by the Ca II infrared triplet (A 
= 849.8, 854.2, 866.2 nm, hereafter Ca II IRT). These lines orig- 
inate from transitions between the upper 4p 2 Pi/2,3/2 levels and 
the lower metastable 3d 2 D3/2,5/2 levels. Transitions between the 
ground state 4s 2 Sj/2 of Call and the same upper levels give rise 
to the H and K lines. Since the branching ratio, the ratio between 
the spontaneous emission coefficients of the H and K lines and 
those of the IRT lines, is about AhkMirt = 15, most photons 
emitted in the IRT result from excitation in the H and K lines, 
leading to a very similar temperature sensitivity for both sets of 
lines. In addition, the 3d 2 D3/2,s/2 are metastable (i.e., there are 
no allowed electric dipole transitions with the 4s 2 Si/2 ground 
state), so that these levels can only be populated from below by 
collisional excitation, strengthening the sensitivity of the IRT to 
local temperature even more. 

First de tected in the 1878 eclipse spectrum by C. Young 
(Eddy| [T973l) . the Call IRT has remained essentially ignored 
in solar observational work for nearly a century. From the 
1960's and up through the mid-1980's it was occasionally em- 
ployed, in particular in multi-l i ne spectrographic studies (among 
others. iPasachoff et al l fl968: Li nskv et alj Il970t iMeinl 1197 if 



Shine &Linskvl 1 19721 ; Beckers et all 119721: IShine& Lins 



1974tlLiteslll984l) . Spurred by the availability of CCD detectors 



with high sensitivity in this wavelength range, the last decade 
has instead seen a rapid growth of observational studies adopt- 
ing these lin es both for solar and cool s t ar research; we refe r 
the reader to Socas-Navarro et al. (2006); Uitenbroek (2006b); 
iTziotziou et al] d2006l) ; lUitenbroek et all d20"06l) : IPietarila et al l 
d2007bl) for recent examples o f solar studies, and to lChmielewskil 
(2000); lAndretta et al] (120051) for the stellar case. 

Despite the fact that near infrared wavelengths afford both 
a higher photon flux and a reduced terrestrial atmospheric dis- 
turbance (with respect to the wavelengths of H and K lines), 
high resolution solar observations of the Call IRT are still 
scarce. The great majority of the previous observations were 
in fact conducted with fixed-slit spectrographs, either perform- 
ing an area raster scan, requiring long re petition times and 
thus compromising the temporal resolut ion dFleck et al]|1994t 
IUitenbroeldl2006bt|pTetarila et al.ll2007bt) or keeping the slit at 
a fixed posit ion dDeubner & Flecklll990l IPietarila et al.l l2007bt 
Langange n et al] [20071) . The latter strategy allows for a high 
temporal cadence, but makes it difficult to precisely follow the 
small chromospheric structures, often of magnetic origin, that 
are moved away from the slit either by atmospheric turbulence 
or solar evolution. A more efficient observational strategy is pro- 
vided b y the Multichanne l Subtractive Double Pass technique 
(MSPP lMeinll 19911 12002|) . The MSDP is in fact one of the few 
examples of an Integral Field Unit (IFU) device being used for 
optical solar observations, with the unique capability of acquir- 
ing truly simultaneous spectra over an extended field of view. 
However, for the case of the Ca II 854.2 nm line, observations 
are usually limited to a spectral range of about + 40 pm from 
line core (e.g. Tziotziou et al 2002), thus possibly neglecting 
important information related to strong variations encoded in the 
extended line profile. Moreover, the usable field of view (FOV) 
represents a trade-off with the spectral coverage and resolution, 
and is generally limited to only a few arcsec in one of the spatial 
directions. 

In this framework, we introduce here new high resolution 
observations of the Call 854.2 nm line obtained in a vari- 
ety of solar structu res with the In terferometric BIdimensional 
Spectrometer (IBIS, Cavallin j|2006l) . installed at the Dunn Solar 
Telescope of the US National Solar Observatory. While not an 



IFU proper, IBIS is a high performance instrument that com- 
bines most of the advantages of a full spectroscopic analysis, 
usually obtained with single-slit spectrographs, with the high 
spatial resolution, high temporal cadence and large field of view 
typical of filter instruments. Such characteristics are necessary to 
obtain new insights into the s tructure and dynamics of the chro- 
mosp here (see for example IVecchio et al] l2007bt ICauzzi et al] 
2007). Although other instru ments similar to IBIS are currently 
operative, such as TESOS (Tritschler et al. 2002) and the new 
Gottingen Fabry-Perot system (iPuschmann et al.l2006l) . no other 
imaging spectrometer is presently able to access the wavelengths 
of the Call IRT. 



2. Instrumental characteristics 
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Fig. 1. Top panel: the solid line displays the Call 854.2 nm at- 
las profile, while the dashed line shows the effects of the 0.46 
nm FWHM prefilter utilized in IBIS observations. The actual 
maximum transmission of the prefilter is 35%. The asterisks in- 
dicate the wavelengths of the images in Fig. [2] and [3] Bottom 
panel: normalized prefilter profile (solid, upper curve) and peri- 
odic transmission profile of the combined Fabry Perot's (solid, 
multiple peaks curve). Note the logarithmic scale. The dashed 
line indicates the effects of the prefilter on the FPs transmission 
profile, i.e. the large suppression of the secondary maxima of the 
curve, necessary to reduce the spectral parasitic light. 
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Fig. 2. Call 854.2 nm data acquired on May 31, 2004. Wavelength runs from left to right, top to bottom, as indicated in the panels, 
with offsets in pm from nominal line core. The figure shows a cutout of 64"x41" of the full circular FOV, originally 80" in diameter. 
Each panel was normalized for optimum display. The topmost left panel shows the cospatial, cotemporal broadband image (acquired 
at 710 nm, FWHM=10 nm). The bottom right panel gives the cotemporal HR MDI map, scaled betwee n +500 G. The intensi ty in 
the far wings of the Call 854.2 nm line is strongly sensitive to the presence of magnetic structures (cf. iLeenaarts et ai1l2006l and 
Sect.E2} 



IBIS is a tunable narrowband filter, whose main components 
are t wo air-spaced, 50 mm diameter Fabry-Pero t interferom- 
eters dCavallinil 120061: iReardon & CavaUinil 120071) . IBIS oper- 
ates in the spectral range 580-860 nm, and can provide quasi- 
monochromatic images at any wavelength in that range by suit- 
able tuning of the interferometers. However, due to the periodic 
nature of the spectral transmission profile, the analysis of any 
given spectral line requires the use of a prefilter, of 0.3-0.5 nm 
FWHM, that isolates the central transmission order. Currently a 
prefilter for the Call 854.2 nm line of the IRT is available for 
IBIS. The filter was provided by Barr Associates, with a FWHM 
of 0.46 nm, 35% transmission, centered at 854.25 nm. The cen- 
tral wavelength of the filter is slightly offset to the red from the 
nominal central wavelength of the Ca II 854.2 nm line to allow 



the filter to be tilted in the beam to avoid reflections. This also 
permits the passband to be minimally tuned in a range of ap- 
proximately + 0.1nm from the central wavelength. We remark 
also that in the case of broad lines such as the Ca II IRT the lim- 
ited prefilter passband effectively prevents the sampling of the 
line all the way to the continuum, as shown in the upper panel of 
Fig.ffl 

The instrumental spectral transmission of IBIS has been ac- 
curately calcul ated and the FWHM at 854 nm was determined 
to be 4.4 pm dReardon & Cava llini 2007). The spectral purity of 
the instrumental profile is quite high, with over 95% of the total 
transmission coming from within a range of + 8 pm around the 
peak of the profile and spectral parasitic light, arising from the 
repeating secondary orders of the transmission profile, of only 




Fig. 3. Same as Fig. [2] for June 2, 2004 data. In the speckle-reconstructed broadband image many bright points can be appreciated in 
the network areas. The MDI map shows a strong, bipolar network (image scaled between +500 G). Note how the fibrillar structures 
originating from the network elements, and well visible in the inner wings and core images, extend over a substantial fraction of the 
FOV, differently to what occurs in the area depicted in Fig. [2] The two dashed lines in the upper-right panel indicate the positions 
where the slit spectra of Fig.|6]have been obtained. 



1.5%. The lower panel of Fig. Q] shows how this is accomplished 
with the combination of two interferometers and the prefilter, 
which strongly suppresses the secondary maxima in the Fabry- 
Perots transmission. 

Piezoelectric tuning allows the instrumental profile to be 
positioned at multiple wavelengths within a given line, mak- 
ing it possible to acquire full spectral information over the 80" 
diameter circular field of view (FOV) of the instrument. The 
Ca II 854.2 nm line is typically sampled at 15-30 wavelength po- 
sitions, depending on the scientific requirements (see following 
sections). Given the current rate of acquisition (2.5 - 4 frames 
s _1 ), this translates in an interval of 5 - 12 s to perform a full 
sampling of the line. A planned upgrade for the camera system 
in the near future may improve this rate by a factor of 2 - 4. 

In order to obtain meaningful spectral information from se- 
quential images at high spatial resolution, it is necessary that the 



location of the structures remain stable during the spectral scan- 
ning of the line. The high-order adaptive optics system of the 
DST (Ri mmelell2004l) is routinely used with IBIS and greatly 
aids in stabilizing the image. To remove residual image motion, 
especially at increasing distances from the AO lock point, we ob- 
tain a broadband ("white light") reference image strictly simul- 
taneously with each narrowband image. These reference images 
are obtained through 10 nm wide filters, and during the rela- 
tively short time needed for a spectral scan show essentially the 
same scene (as compared to the spectral images where the struc- 
tures change dramatically during the scan). They are then nor- 
mally used to destretch the images in both channels, or for more 
advanced image reconstruction techniques, such as deconvolu- 
tion of the narrowband channel image supp orted by M OMFBD 
(Ivan Noort et al.ll2005l) or speckle imaging dWogerj|2006l) . 
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Finally, the spatial scale of the IBIS images is set at 
0".082/pixel. With the use of the procedures described above, 
it is thus possible to exploit the periods of good to excellent see- 
ing occurring at the DST up to the nominal diffraction limit of 
the telescope of A/D = 0".23 at 854.2 nm. 



3. Observations 

We present in this paper some example Call 854.2 nm data ac- 
quired mostly in quiet target areas, as listed in Table Q] We re- 
mark however that IBIS observations in this spectral line are well 
suited also for studies of solar activity. On the one hand, the 80" 
diameter FOV is able to accommodate large portions of active 
regions (or even full small ones), thus overcoming a typical prob- 
lem of spectrographic observations. On the other, the ability to 
obtain spectral profiles in just a few seconds (ten or less) allows 
a detailed study of the dynamics of rapid impulsive events, such 
as reconnection driven explosive events or small flares, occur- 
ring in the solar chromosphere. 

The sequence of monochromatic[3 images of Figure [2] shows 
a scan acquired on May 31, 2004. The actual wavelengths of 
observation are indicated in the panels as offsets from nominal 
line core. The target was a quiet area at disk center, with mostly 
unipolar, weak network elements within the FOV. The whole re- 
gion was positioned at the edge of an equatorial coronal hole, as 
seen from EIT 171 A full disk images. The first panel shows the 
corresponding white light image, while the last one displays a 
cotemporal, high resolution MDI map of the longitudinal mag- 
netic flux. 

Fig. [3] shows the data acquired on June 02, 2004, with the 
same setup as May 31, 2004. The target was again a quiet area 
at disk center, this time roughly encompassing a full supergran- 
ule surrounded by some enhanced, bipolar network. The whole 
region appeared as a fading coronal bright point in the EIT 171 
A full disk images, where occasional bouts of small scale ac- 
tivity were observed. Numerous bright points as well as several 
rapidly evolving small pores can be distinguished in the broad- 
band image in the regions of the network, testifying to a stronger 
magnetic flux as seen in the MD I panel. This d ataset has been an- 
alyzed in lVecchio et alj (l2007bl) and in part in lJanssen & Cauzzil 
(120061) . 

Fig. |4]shows the target region of Oct. 01, 2005, encompass- 
ing a small pore (3"— 4" diameter) within a region of weak plage 
near disk center. This dataset was acquired to test the procedure 
for perf orming p ost-facto image reconstruction using the speckle 
code of Woger} (120061) . hence 50 repeated exposures were ob- 
tained at each wavelength point, resulting in a long total acqui- 
sition time. The top panel displays the reconstructed image at 
about 60 pm in the blue wing, while the bottom one gives the 
image at 20 pm, again in the blue wing. A movie displaying a 
cotemporal G-band frame, together with the tuning of the IBIS 
passband through the blue wing of the line is available in the on- 
line version of this papefl This data clearly illustrates the wealth 
of fine structure information the Ca II IRT c an provide wh en ob- 
served at high resolution (see also Fig. 1 1 in Rutten 2007). 



1 Due to the classical mounting of the interferometers, the spectral 
passband of IBIS experiences a radial, wavelength-dependent, blueshift 
within the FOV. The effect has been removed from all the images dis- 
played in this paper. 

2 Movie 1, http://www.arcetri.astro.it/science/solar/IBIS/movies/ 
CaII.8542.scan.01Oct2005.movie.gif 




Fig. 4. Speckle-reconstructed sample images from the weak 
plage region of Oct. 1, 2005. Upper panel: image obtained at 65 
pm in the blue wing of the line. FOV is about 60"x40". Bottom 
panel: corresponding image at 20 pm in the blue wing, obtained 
200 s lat er. Images hav e been reconstructed applying the speckle 
code of Woger (2006). See the online version for a movie of 
these data. 



4. Line formation 

The most striking characteristics of the narrowband sequences of 
Figs.f2]-|4]is the dramatic change in scenery when the instrumen- 
tal passband moves from the wings towards the core of the line 
- the latter displaying swarms of fibrillar structures usually asso- 
ciated only with Ha core diagnostics. The "critical wavelength", 
at about 30^-0 pm from the core, corresponds to the inflection 
point in the line where the steep inner wings leave place to the 
much shallower outer wings (see the profiles in Fig . [TJ . 

The sharp knees in the line profile mark the transition from 
LTE absorption line in the photospheric outer wings to the Non- 
LTE chromospheric absorption line core. This transition is a re- 
flection of two effects, in the line source function and in the 
line opacity, respectively. In the photosphere, where LTE ap- 
plies, the line source function decreases with height with the 
electron temperature, giving rise to a slow decrease in line wing 
intensity towards line center. Indeed, because of their LTE for- 
mation, the wings of the 854.2 nm line are us ed as accurate tem- 
perature diagnostics i n solar type stars (e.g.. lLinskv et alj[l979t 
Smith & Drake! [19871) . In the chromospheric layers collisional 
excitation and de-excitation loses dominance to radiative tran- 
sitions as the main population mechanisms in the line. Photon 
losses to outer space propagate inward because of the scatter- 
ing in the line that results. With these losses the radiation field 
in the line can no longer maintain the upper level population of 
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Table 1. Summary of the Call 854.2 nm observations described in the paper. Date is expressed in yyyymmdd; Ax is the pixel spatial 
scale; t exp is the exposure time; 5 A is the spectral sampling step, while AA is the total sampled range; N is the number of wavelength 
points; St is the scan time, while At is the cadence of the observations. For the case of the Ca II 854.2 nm line, often the sampling is 
coarser in the extended wings with respect to the core. 

Date Target Location Ax (") te Xp (ms) SA (pm) AA (nm) N St (s) At (s) Duration (min) 



20040531 quiet Sun disk center 0.16 25 8-16 [-0.12,0.16] 27 7 19 55 

20040602 quiet Sun disk center 0.16 25 8-16 [-0.12,0.16] 27 7 19 55 

20051001 small pore disk center 0.082 50 4 [-0.07,0.13] 35 700 



the line to LTE levels, and the line source function drops steeply 
with height. 

, ' i ' > ■ , 
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Fig. 5. Contribution function for Call 8542 computed in 
plane-parallel, hydr o-static average quiet-Sun atmosphere 
dFontenla et al.lll993h . Height zero refers to level at which op- 
tical depth in the continuum at 500 nm is unity. 

The sharp transition between these two regimes results from 
a gap in the line opacity around the temperature minimum. Since 
the lower levels of the IRT are the metastable 3d 2 D3/2,5/2 lev- 
els, their population in low temperature regions is reduced com- 
pared to the ground level population. This is a small effect be- 
cause the excitation energy of the D levels is only 1.5 eV (e.g. 
much smaller than the 10 eV of the hydrogen Ha line for which 
the gap in line opacity is therefore much more pronounced). 
Nevertheless, because of this gap in line opacity, the formation 
height quickly shifts from photospheric to chromospheric for 
small wavelength differences around the knees of the line. This 
quick transition in formation height is obvious in the line inten- 
sity contribution function, displayed in Figure[5]as a function of 
wavelength (on the horizontal axis) and height in the atmosphere 
(on the vertical axis). At wavelengths for which the height of 
ta ~ 1 corresponds to the height of the line opacity gap, the con- 
tribution function rises steeply with height, indicating that the 
line intensity sensitivity quickly changes from photosphe ric to 
chromospheric (see also lUitenbroekll 1 9891; lOu & Xull2002l) . 

The very narrow spectral passband of IBIS makes it possible 
to clearly distinguish these two regimes directly in the imaging, 
with a rapid change with wavelength in observed morphology. 



The outer wing images thus mostly display convective struc- 
tures, only occasionally "contaminated" by fibrils that show up 
as thin dark strikes. The core images instead display mostly 
fibrillar, chromospheric structures, that appear most evident in 
the blue or red inner wings depending on their line width and 
Dopplershift. Only in very quiet portions of the FOV the fibrils 
are not the predominant feature, and sporadic bright points with 
size of the order of 1 arcsecond become visible in the core (see 
Sect. El. 

5. Morphology 

5. 1 . Outer wings - quiet photosphere 

As just discussed, the high spatial resolution images obtained 
with IBIS in the outer wings of the Ca II 854.2 nm line are dom- 
inated by photospheric structures. In particular, the pattern of 
reverse granulation, i.e. a partial reversal of the contrast between 
gran ules and intergran ules with respect to the continuum (see, 
e.g. iRutten et al.ll2004 and references therein), stands out very 
clearly within the quiet portions of the FOV. This is visible, for 
example, by comparing the white l ight images of Fig s. [2] and [3] 
vs. the panels at -100 pm (see also lJanssen & Ca uzzi 2006J), or, 
even more clearly, in the first images of Movie 1 . Looking care- 
fully at the wing images of Figs. [2] and [3] one can also notice a 
slight asymmetry between the blue and the red wings, with re- 
versed granulation being more prominent in the blue, at equal 
distance from line core. This is due to the effect of cross-talk be- 
tween intensity and velocities in the convective structures, much 
as the case for monochromat ic images acquired in the wings of 
typical photospheric lines dJanssen & Cauzzi 2006). 

As one moves further out in the wings, reverse granulation 
gradually disappears, and the quiet areas show just a diffuse in- 
tensity without any obvious structure (compare e.g. the last panel 
of Fig. [3] at 160 pm from line core). Given the broader sampling 
of the line in the red (cf. Table [TJ, this effect is mostly visible 
in the red-most wavelengths displayed in the Figures. As men- 
tioned in Sect. |2l normal IBIS sampling does not reach contin- 
uum wavelengths (although technically feasible, the measures 
would be much noisier and affected by a high level of spectral 
parasitic light). Hence, our observations do not go far enough 
from the line core to see the normal granular structures of the 
low photosphere. 

Using 3-d i men sional radiative hydrodynamics simulations, 
ICheung et alj d2007l) recently offered the most comprehensive 
explanation of the horizontal structure of the photospheric tem- 
perature, and of reverse granulation in particular. The latter re- 
sults from the interplay between cooling of granules rising and 
expanding within the optically thin layers of the photosphere, 
and radiative heating acting against it. The (horizontally aver- 
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aged) layer at which the temperature contrast between granules 
and intergranules vanishes is positioned at about 150 km above 
the classical photospheric surface (T500 = 1); photospheric di- 
agnostics originating above this height are bound to show evi- 
dence of the reversed temperature contrast with respect to the 
continuum granulation. This is indeed consistent with the wing 
observations presented above, when interpreted through the con- 
tribution function of Fig. |5J at about 0.1 nm from line core the 
layers contributing most to the intensity are above ~150 km, i.e. 
a level where reversed granulation is already present. Instead, at 
about 0.15 nm the intensity forms slightly lower, in intermediate 
layers where the granular contrast is much reduced. 

5.2. Outer wings - the magnetic photosphere 

Besides reverse granulation, the outer wing images very clearly 
display the location of magnetic structures, such as the plage 
or quiet network visible in Figs. [2] [3] and [4] Given their large 
temperature sensitivity, the intensity in the outer wings basi- 
cally maps the lower opacity, higher temperature small scale 
magnetic elements. Their visibility is further enhanced at some 
wavelengths by the reduced contrast of the solar granulation. The 
co-temporal MDI high resolution magnetic maps for the case of 
May 31, 2004 and June 2, 2004 demonstrate that there is a one- 
to-one correspondence between bright wing structures and mag- 
netic patches. Actually, the higher resolution IBIS images clearly 
reveal how single magnetic features visible in MDI are com- 
posed of several distinct structures of sub -arcsec size, both i n 
the network and possibly, the internetwork (Janssen et al. 2003). 

The use of intensity proxies as a diagnostics of small-scale 
magnetic elements in the photosp here has been recently inves- 
tigated by iLeenaarts et alj d2006l) . by numerically synthesizing 
several spectral diagnostics in a snapshot of a 3D solar mag- 
netoconvection simulation. They identify the outer wings of 
Call 854.2 nm as one of the best proxies (albeit at the price 
of a reduced spatial resolution with respect to the wings of Ha 
or H/3), consistently with the results shown here. Somewhat at 
odds with their results, however, we find that the intensity images 
at -0.09 nm from line core already show the reversed granula- 
tion pattern (as discussed in the previous Section), rather than 
normal granulation. In our data magnetic structures are hence 
better identified in intensity images obtained further out in the 
wings (up to the limit of our sampling, i.e. 0.16 nm from core), 
where the granulation contrast almost vanishes. This discrep- 
ancy should be further investigated by a more detailed compari- 
son between simulations and high quality observations. 

5.3. Core structures 

Narrow band Call 854.2 snapshots, acquired around the line 
core wavelength in the quiet regions, display a clear segrega- 
tion of the FOV in various components (see Figs.|2]and|3]l. The 
distinction is even clearer if one has access to the temporal di- 
mension: a movie in the online versiorQ shows the evolution of 
the nominal Ca II 854.2 nm line core as observed over the full 
FOV and for the full duration of the observations of May 31, 
2004 (55 minutes with cadence of 19 s). Although the seeing 
conditions were at times variable, and certainly worse than for 
the data of June 02, 2004, we chose this dataset as it provides a 
clearer picture of the quietest internetwork regions. In particular, 



3 Movie 2: http://www.arcetri.astro.it/science/solar/IBIS/movies/ 
31May2004.core.gif 



an almost complete supergranular cell (~28 Mm in diameter) is 
visible in the central-right portion of the FOV. 

The first feature that one discerns is the magnetic network, 
again outlined by clusters of small, bright elements that faith- 
fully map the presence of photospheric magnetic elements. The 
appearance of the network elements in the core images is more 
diffuse with respect to the wings of the line (Sect. [5721 , owing to 
the lateral spread of the magnetic field with height. However, it 
must be remarked that their spatial extension seems to be very 
dependent on the instantaneous seeing conditions, as well visi- 
ble from the movie. As long known, the chromospheric network 
elements evolve relatively slowly, with single features persist- 
ing for several minutes, and they present very different spectral 
properties and dynamics than the rest of the FOV (Sect. [(J. 

In contrast, the internetwork portions of the FOV are 
seething with smaller bright features, rapidly evolving, im- 
mersed in an otherwise very dark environment. These bright 
points reach the same intensity as the network points (about 1.5- 
2 times the average core intensity), but are more sharply defined 
as roughly circular areas with 1"— 3" diameter, and evolve with 
timescales of 1-2 minutes. At their darkest, they reach about 
0.75 times the average core intensity. Many of the points seem 
to reappear throughout the course of the observations, with a ca- 
dence of a few minutes, and about 10-20 of them are present at 
any given time within the cell interior. These properties are in 
complete analogy t o the properties of the H2V and K2V "grains" 
(see the review of iRutten & Uitenbroeki ri991). The latter have 
been explained as due to shocks generated by acoustic waves, 
with frequencies slightly above the acoustic cutoff, originating in 
the photospheric la yers and propagating upward s in the absence 
of magnetic fields dCarlsson & Steinll 1 995l 11997) . The radiative- 
hydrodynamical model of Carlsson & Stein indicates that in- 
deed the shocks sho uld be well visible in quiet areas also in the 
Ca II 854.2 nm line dPietarila et al.ll2006l) but, to our knowledge, 
they had never been convincingly observed in this spectral sig- 
nature. IBIS observations thus open the way to a more complete 
study of the phenomenon, as both the spectral and spatial do- 
mains are accessible at once, with much statistics provided by 
large FOVs and the opportunity to analyze different magnetic 
topologies. Results of such an analysis will be presented in a 
forthcoming paper (IVecchio et al.ll200~7ab . 

The third, prominent feature in the Ca II 854.2 nm core im- 
ages is due to fibrils, that seem to originate from even the small- 
est magnetic elements (compare Movie 1). Their appearance is 
strongly reminiscent of the structure s observed in Ha (see the re- 
cent h igh resolution observations of Rouppe van der Voort et al. 
12007b . although we don't have here any direct comparison be- 
tween the two spectral signatures. Much as for the Ha fibrils, 
the structures observed in Call 854.2 differ sensibly between 
active regions and quiet Sun. More active regions harbor long, 
and relatively stable fibrils together with shorter dynamic fibrils 
(Fig. H]l, while the quiet Sun displays both long mottles, connect- 
ing the stronger magnetic concentrations in the network (a clear 
example is in the lower half of the FOV of Fig. [3) and shorter 
ones, presumably outlining field lines that reach outward to the 
corona and interplanetary space. The structures visible in Movie 
2 most probably belong to the latter category, as the FOV lies at 
the edge of a coronal hole. 

Several of the fibrils characteristics are worth of notice: first 
of all, they occupy a large fraction of the FOV, even in the 
quietest of instances. For example, in the region observed on 
May 31, 2004, they occupy between 30 and 50% of the "in- 
ternetwork" area, while they become the dominant component 
in the weak plage region of Fig. |4] Second, their dynamic is 
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completely different from the internetwork areas: looking at the 
movie, one is given the clear impression of material flowing from 
the network elements outwards, i.e. of predominant transver- 
sal motions with respect to the solar surface, as opposed to the 
mostly vertical dynamics of the bright points. We do not ob- 
serve significant lateral swaying of the fibrils, although this may 
be due to the lower spatial and temp oral resolution compared 
to iRouppe van der Voort et al] (120071) . who had a 1 s cadence 
(compared to the 19 s in our data) and a spatial resolution near- 
ing the diffraction limit of the Swedish Solar Telescope (SST, 
0.17" at the Ho- wavelength). Finally, in some instances, small 
bright points as those described above are visible within the fib- 
rils; whether because of physical lateral motions, or because of 
changes in the opacity of the structure, at times the fibrils let us 
glimpse the quiet atmosphere underneath. 

5.4. Fibrils in Ca II ? 

The overwhelming presence of fibrils in the Ca II 854.2 nm core 
images was an initial surprise of the IBIS observations, as they 
had never been observed at this level of detail other than in the 
Ha core a nd inner win gs. Earlier Call 854.2 nm spectroheli- 
ograms by iTitld d!966l Plates 16-18) as well as MSDP obser- 
vations probably did not reach the necessary spectral and spatial 
resolution in order to well appreciate these characteristics, al- 
though MSDP data have shown the presence of a rch filament 
systems in emerging flux regions dMein et alj '2000). 

A striking point is that fibrils are normally absent from 
Ca II H and K imaging, unless observed at very high spatial res- 
olution in the core of the lines, whe n they might appear as bright, 
upright stalks in network areas (e.g. lRuttenl2006ll2007h . This has 
led to the (often unspoken) assumption that the latter lines sam- 
ple a 'different', possibly lower chromosphere than Ha, and that 
the enhanced visibility of fibrils in Ha imaging is due to some 
peculiarities of the line formation, in particular its dependence 
on photoionization-recombination mechanisms. 

Given the strong interconnection between Call H and K 
and the IRT formation discussed in the previous Sections, why 
then does the Call 854.2 line display such a different "chromo- 
spheric" scenario? We believe that a large part of the problem 
lies not in the infrared line formation, but in the strong obser- 
vational limitations that still affect Ca II H and K data. In other 
words, the issue is not why the Ca II 854.2 nm line displays the 
chromospheric fibrils, but why the H and K do not show them! 
Essentially, the chromospheric signal of the Ca II H and K lines 
is confined to the rather narrow core (with Doppler width of 10- 
15 km s _1 , i.e. <20 pm at 400 nm), while most of the imaging 
is performed with broad filters with passbands in the range 30- 
100 pm. These however strongly dilute the core signal, result- 
ing in images that are heavily biased toward the wing, upper- 
photospheric, signal. Scattered light, and general photometric 
noise further degrade the signal of interest. Finally, even with 
these relatively broad filters, the low photon flux near the core 
of these very deep lines (due also to the low transmission of the 
filters) requires long exposures, which compounds the increased 
seeing-induced distortions at the shorter wavelengths. For these 
reasons only very bright chromospheric structures (for example 
those related to network points) can survive the smearing and 
still be distingu ishable above the photospheric background in the 
"core" images (Rutten 2006). To better prove our point, a direct 
comparison of simultaneous Call K filtergrams and Call 854.2 
IBIS data will be pre sented in a forthcomin g work. Preliminary 
results are reported in lReardon et al.l d2007l) . 
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Fig. 6. "Slit" spectra obtained around the middle of the sequence 
of June 02, 2004, from two horizontal cuts of the data displayed 
in Fig. [3] The x-axis is the wavelength distance from the average 
line core position. The left spectrum corresponds to the upper 
slice, across network areas, while the right one corresponds to 
the lower slice, and represents quiet internetwork areas. 



6. Spectral structure 

The most attractive quality of two-dimensional spectrometers 
lies in the possibility of obtaining sufficiently detailed spectral 
information over an extended FOV, in a period short with re- 
spect to the evolutionary times of the structures. We describe in 
this section some characteristics of the Call 854.2 nm spectral 
profiles obtained from the IBIS observations presented above. 
We use the quiet Sun dataset obtained on June 2, 2004, that can 
be easily compared to earlier results. 

6. 1 . Spectra and average line profiles 

Fig. [6] shows two "slit spectra" derived from two cuts along 
the horizontal direction of the data displayed in Fig. [3] as in- 
dicated in the Figure. The spectral axis is obtained interpolat- 
ing the sequence of monochromatic values for each pixel along 
the cut. Given the acquisition sequence, the time also runs with 
the wavelength, and an interval of about 7 s separates the blue- 
most from the red-most wavelengths. The left spectrum inter- 
sects several network points (i.e. between positions 40 and 50 
along the slit) and fibrils, while the right one covers mostly 
quiet areas. The quality of the spectra is high, and appears 
comparable to that of data acquired at high spatial resolution 
with normal spectrographs (see for example the spectra obtained 
in the Call 866.2 nm line at the Swedish Solar Telescope by 
Langangen et al. 2007). Numerous indications of the dynamics 
are visible in the two regions, but with very different characteris- 
tics. The left panel displays strong redshifts of the line in several 
pixels (e.g. around positions 40 and 52, that become progres- 
sively stronger within a couple of arcse c, and probably involve 
dynamic fibrils dDe Pontieu et al J l2007h . In the right panel, in- 
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Fig. 7. Average line profiles for the data acquired on June 02, 
2004. Panel a: the spectrum averaged over the whole dataset 
(thin solid line) is compared to the Liege atlas (thick solid). The 
effect of the prefilter transmission have been removed from the 
observations. The profiles averaged over different solar features 
defined by using an intensity threshold are also shown: network 
points (dashed); fibrils (dot-dashed) and internetwork (dotted). 
Panel b: As panel a, but this time fibrils and internetwork areas 
were defined using dynamical properties. 



stead, stronger blueshifts are visible (e.g. position 12, 25, 33 
along the slit), that are less extended in the spatial direction and 
have more constant amplitude. These are related t o the develop- 
ment of acoustic shocks in non-magnetic areas (Pietaril a et al.l 
20061 IVecchio et alJ2007ah . 

In Fig. [7] we show a comparison between the Liege atlas 
(thick solid line) and the average observed line profile, obtained 
summing over the whole dataset (more than 2 x 10 7 individual 
profiles, thin solid line). The effects of the prefilter transmission 
(cf. Fig. [TJ have been accounted for, and the wavelength offset 
has been adjusted so that the minimum of the average profile 
coincides with the atlas line core position. The general agree- 
ment between the profiles is excellent, showing discrepancies of 
less than 2% of the continuum intensity around the inflection 
point in the wings (the larger difference at the blue limit of the 
observations is due to a telluric line). Differences of this ampli- 



tude are probably unavoidable, due both to slight residuals in the 
data calibration and to the intrinsic variability of the solar struc- 
tures in time and space. Still, all the general characteristics of 
the atlas profile are well reproduced, including the asymmetry of 
the line core typica l of chromospheric lines ("inverse C-shape", 
IUitenbroekll2006bl) . 

What kind of individual profiles enter the average? To gain 
insight into this issue, we have attempted a spatial classifica- 
tion for the three features discussed before: network, fibrils, and 
quiet internetwork. In this kind of analysis, often an intensity 
thres hold is adopted in the de finition of separate classes of pixels 
(e.g. lDeubner & Fleck|[l9 90). However, as clear from Sect. 15.31 
the chromospheric scene is probably too complex to be properly 
described by a single, static parameter. In particular, the fibrils, 
very prominent at the core wavelengths, appear here both dark or 
bright with respect to the average contrast, making their recog- 
nition quite difficult. As a first attempt we have identified the 
three classes of pixels by adopting an intensity threshold applied 
to the temporal average of the observations, but using, for each 
feature, the intensity at the wavelength positions where they are 
most clearly separated from the background. First, the network 
has been defined as the bright pixels in the far wing of the line (at 
+ 155 pm from line core, having intensity above average plus one 
time the r.m.s.). This threshold clearly identifies all of the pho- 
tospheric magnetic features, as seen e.g. in the cotemporal MDI 
magnetograms, that also have an obvious correspondence in the 
chromospheric line core intensity. Then, the fibrils and the in- 
ternetwork areas were respectively defined as the dark and inter- 
mediate pixels in the inner wing intensity images (+ 20 pm from 
line core), using the intensity values of the average plus or mi- 
nus 1/3 of the r.m.s. as our limits. These values separated clearly 
the two classes of pixels; in particular, they assured that there 
were no quiet pixels in the vicinity of network points, where fib- 
rils supposedly originate. From our definition, the fractional area 
occupied was 9% (network points), 39% (fibrils) and 35% (inter- 
network), with the remaining pixels not assigned to any category. 
As expected, these latter unclassified pixels lie mostly around the 
magnetic elements. It is interesting to note that in this dataset the 
fractional area covered by fibrils is actually larger than the quiet 
Sun's, reflecting the closed magnetic topology of the region. 

The averaged line profiles for the three classes are displayed 
in Fig. [7] as well. The network points average profile (dashed 
line) is much brighter than the reference one at all wavelengths 
(however note that we don't have any information on the con- 
tinuum values), is slightly redshifted (about 150 m s _1 ), and has 
a core asymmetry less pronounced than the average profile. The 
fibrils' profile (dash-dotted) is almost complementary to the net- 
work one: it is slightly blueshifted with respect to the average 
over the whole FOV (about 100 m s _1 ); it is deeper, with a core 
intensity about 3% lower (in units of the continuum intensity), 
while the overall wings remain clo se to the averag e. These same 
properties have been reported by lHar vev (2005) in a study of 
"calcium circumfaculae" using Call 854.2 SOLIS data around 
active regions. He demonstrated how the areas of deeper, blue- 
shifted Call 854.2 profiles coincided with the extended fibrilar 
regions observed in Ha core. Finally, the internetwork profile 
(dotted line) is only slightly deeper than the average, while most 
of the other profile characteristics remain very similar to the av- 
erage over the whole FOV. 

6.2. Velocity distribution 

From the spectral profiles described above, we have calculated 
line-of-sight velocities for each pixel in the FOV and each time 
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step. To this end we used the Doppler shifts of the intensity min- 
ima of the spectral profiles, derived from second degree poly- 
nomial fits of the line core. The zero has been defined as the 
spatio-temporal average position over the whole dataset. This 
approach has o ften been used for the cas e of quiet chromospheric 
dynamics (e.g. iDeubner & Fleck| [l990). but one must be aware 
that the derived values might not be fully representative of the 
actual plasma velocities, especially in the presence of non linear 
phenomena such as shocks. In particular, we expect that our ve- 
locity determination might fail for a certain fraction of the pixels 
in the magnetic areas (2-3% of the total pixels), for which we 
o bserve emission in the b lue wing, similarly to the case reported 
in Pietaril aet al.l d200 7bi). However, since we are only interested 
here in giving general properties, and given the overall small 
number of such pixels, we will keep this definition as a conve- 
nient parametric description of the dynamics of the system. 

The upper panel of Fig.[8]displays the distribution of velocity 
values over the whole dataset (thick solid line). Positive values 
indicate red-shifts, i.e. downward motions. The distribution is 
skewed towards positive values, justifying the peak at the nega- 
tive (upward) value of -0.12 km s" 1 since we defined the zero as 
the average value over the whole dataset. About 97% of the pix- 
els are contained in the + 3 km s _1 range, but outliers can reach 
high velocity values, above 10 km s _1 . At these larger values the 
distribution becomes markedly asymmetric in the positive quad- 
rant. 

Decomposing the distribution into the three types of so- 
lar features described above, i.e. network (dashed line), fibrils 
(dash-dotted) and internetwork areas (dotted), one sees that the 
various distributions have different widths, with the fibrils dis- 
playing the least number of extreme vertical flows, especially 
lacking strong downflows. The r.m.s. values of the distributions 
are, 1.5, 1.4 and 1.25 km s for, respectively, network, inter- 
network areas, and fibrils. Further, the enhanced positive lobe 
in the total velocity distribution is largely due to the network 
points, that account for about 40% of this signal despite repre- 
senting less than 10% of the total pixels. Since neither fibrils nor 
quiet areas contribute much at the highest redshifts, the signal 
missing with respect to the whole FOV distribution must be due 
to the pixels left unclassified, that are positioned around the net- 
work. This further underlines the highly dynamic nature of the 
magnetic network elements, that for this enhanced flux region 
might be related to the dynamic fibrils often observed in plages 
dHansteen et al.ll2006HDe Pontie u et al . 2007|). 

6.3. Velocity power spectra 

To address the presence and relevance of periodicities in the 
Ca II 854.2 nm dynamics, the temporal evolution of line-of-sight 
velocities has been investigated via a standard Fourier analy- 
sis, performed separately on each spatial pixel. The Nyquist fre- 
quency of the observations is 26 mHz, and the frequency step is 
0.33 mHz. The thick solid curve of Fig. |8](bottom panel) shows 
the resulting spatially averaged velocity power spectrum. It has 
a broad peak between ~3 and 7 mHz (periodicities between 2.4 
and 5 minutes), that indicates an almost equal contribution of 
both typical photospheric and chromospheric oscillatory signals 
to the average. This is fully in agreement with earlier results ob- 
tained using sin gle-slit spectrograph^ observations on quiet so- 
lar regions (e.g. iNovesUl 9671; iFleck & Deubnedll989t) . We note 
that the noise levels, determined by the accuracy of the core fit- 
ting procedures, is very comparable between these IBIS data and 
previous spectroscopic studies (this accuracy was only achieved 
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Fig. 8. Upper panel: line-of-sight velocity distribution for the 
dataset of June 2, 2004. Solid line: overall FOV and time (more 
than 2xl0 7 values); dashed, dash-dotted and dotted: distribu- 
tions for, respectively, network points, fibrils, and internetwork. 
Bottom panel: velocity power spectra for the same features 
(symbols as upper panel). The curves represent an average over 
the corresponding pixels. 



through the use of destretching techniques to correct for differ- 
ential image motion). 

The power spectra relative to the three different atmospheric 
components defined above are also displayed in Fig. [8] using 
the same symbols as Fig. [7] The curves are an average over the 
corresponding pixels, i.e. to recover the global power spectrum 
they must be weighted with their relative occurrence. They con- 
firm several of the properties derived by earlier works, in partic- 
ular that low frequency oscillations are more prominent in net- 
work elements than quiet areas, while periodicities of 3 minutes 
or shorter are esse ntially due to the quiet i nternetwork (see e.g. 
the Introduction of Deu bner & Fleckl ll990). The network points 
display a clear peak at ~3.5 mHz, but we cannot obviously iden- 
tify any further maxima at lower frequencies (as claimed e.g. by 
lKalkofenlll997l) . The network power (per pixel element) at the 
3.5 mHz frequency is enhanced by about a factor of 2 with re - 
spect to the rest of the FOV, as reported in iLites et aTl d!993l) . 
Known for some time, these latter properties have recently been 
related to the leakage of the dominant photospheric p-modes 
into higher atmospheric layers due to the l owering of the acous- 
tic cutoff frequency i n magnetic elements dJefferies et al.l l2006; 
lHansteen et M\200(k IVecchio et al.ll2007bl) . 
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Finally, from the plots of Fig. [8] we see that fibrils share 
much of the same properties of the quiet internetwork, with 
a somewhat reduced power at all frequencies (most evident 
between 5 and 8 mHz) . Although in line with the results of 
iDeubner & Fleckl dl990l) . this is a somewhat surprising result, 
given the very different properties of fibrils with respect to the 
"quiet" chromosphere, both in terms of morphology and dynam- 
ics (Sect. 15.3b . T his would also appear to be in contradiction 
with the results of IVecchio et al.l (l2007bl) which, taking full ad- 
vantage of the spatial resolution afforded by these data, showed 
how the fibrils are well correlated with the "magnetic shadows", 
i.e. areas of reduced velocity power at frequencies above the 
acousti c cut-off, surroun ding even the smallest magnetic ele- 
ments dJudee etall2001h . Armed with this knowledge, we show 
in panel b of Fig. [7] the same kind of average spectral profiles 
displayed in Fig. [7] a), but this time the "fibrils" and "internet- 
work" areas were defined by classifying the spatial pixels on the 
basis of their oscillatory power rather than intensity. Over the 
frequency range 5.5-8.0 mHz, all pixels with a velocity power 
smaller than the mean of the whole FOV were defined as fibrils; 
pixels with power greater than the average plus one r.m.s. were 
defined as quiet. These values clearly distinguish between the 
two different dynamical regimes. While a slight blueshift (about 
70 m s _1 ) is still present in the fibrils' profile, its core intensity 
now is very close to the general average. On the contrary, the in- 
ternetwork profile becomes sensibly darker, as could be expected 
from the visual appearance of the quiet (i.e. non-magnetic) ar- 
eas in Movie 1 . We thus conclude that the adoption of a simple 
threshold of average intensity in order to discriminate between 
chromospheric structures can be only of limited value, as it does 
not effectively separate areas with significantly distinct chromo- 
spheric dynamics. 

7. Summary and Conclusions 

We have presented an overview of the quiet solar chromosphere 
as observed in the Ca II 854.2 nm line at high spatial, spectral 
and temporal resolution. This was made possible through the use 
of an advanced inst rument, the In terferometric BIdimensional 
Spectrometer (IBIS. ICavaiiiiilll2006l) . installed at the NSO/Dunn 
Solar Telescope. To our knowledge, this is the first time that ob- 
servations of this type and quality are reported for any chromo- 
spheric Calcium line. 

The stability and large throughput of the instrument, com- 
bined with the excellent performance of the high-order adap- 
tive optics system available at the DST, make it possible to in- 
vestigate the highly dynamic chromospheric environment while 
maintaining excellent spatial and spectral resolution, despite the 
obvious drawback (common to all filter-based instruments) of 
a sequential spectral acquisition. A comparison of the average 
properties of the spectral line profiles and of the global dynamics 
over a quiet target area with earlier results, obtained with clas- 
sical fixed-slit spectrographic techniques, demonstrates indeed 
that the spectral information provided by IBIS is fully reliable 
and achieves a quality on par to those of dispersion-based mea- 
surements. 

The monochromatic images acquired with the very narrow 
spectral passband and high spatial resolution of IBIS (Figs.[2]-[4j 
display with amazing clarity the "dual nature" of the Ca II 854.2 
nm line. In fact, much as for the Call H and K resonance 
lines, the broad wings of the Ca II 854.2 nm gradually sample 
the solar photosphere , and provide a clear tempe rature diagnos- 
tics for these layers dShine & Linskvlll972l 11974 . The core is 
instead a purely chromospheric indicator. Narrow band imag- 



ing highlights these characteristics by showing a dichotomy of 
small scale features at the different wavelengths. The outer wings 
clearly display phenomena of convective origin (such as the on- 
set of reversed granulation) and the presence of bright magnetic 
elements. On the contrary, the core images show highly dynamic 
small scale bright "grains" akin to the H2V and K2V grains, and 
fibrillar structures originating in small scale magnetic structures 
and outlining the local magnetic topology. The nearly ubiqui- 
tous presence of these structures, particularly around the net- 
work magnetic elements, indicates that even at these lower chro- 
mosphere heights, the atmosphere is already highly structured 
by the pervasive magnetic fields, consistent with the structures 
commonly seen in Ha. The relative lack of fibrilar structures in 
observations of the Ca II H and K line images is probably due to 
the broader filters typically used (30-300 pm FWHM, the latter 
being the width of the filter used on Hinode), which tend to mix 
the signal from vastly different regions of the atmosphere. 

The demonstrated high spectral purity, imaging capabilities, 
and temporal stability of IBIS open up many possibilities in 
terms of investigation of the quiet and active solar atmosphere 
with the Call 854.2 nm line. For example, the high temporal 
cadence at which full spectral profiles can be sampled, and the 
availability of an extended FOV, make this instrument a very 
promising tool for the study of small scale activity such as re- 
connection driven explosive event, or small flares. 

In the case of the quiet Sun, given the temperature sensitiv- 
ity of the outer wings of the Ca II 854.2 nm, it would be pos- 
sible to derive the precise run of temperature with height over 
an extended FOV, as a check of the realism of 3-D hydrody- 
namical simulations of surface convection in the upper photo- 
sphere. Even more interesting, such data should be well suited 
to investigate the presenc e and relevance of waves at different 
layers in the photosphere dRutten et alj|2004l iJanssen & Cauzzil 
2006; Woger et al. 2006). Information on the spectral behavior 
of the line core, acquired at high spatial resolution over ex- 
tended periods of time, should be able to shed light on sev- 
eral unresolved issues related to the chromospheric structure, 
such as the occurrence and relevance of acoustic shocks. While 
it is commonly accepted that acoustic waves at frequencies 
above the acoustic cutoff produce shocks in the quiet chro- 
mosphere, it is still hotly debated if and how much this kind 
of waves can contribute to the general chromospheric he ating 
dFossum & Carlssonl 120051 IWedemever-Bohm et al.ll2007l) . and 
what role the y play in the overall chromospheric structuring 
dAvrettll2007l) . Even more pressing would be an understanding 
of the role of acoustic waves and shocks in and around mag- 
netic elements, especiall y those composing the "quiet" network- 
Several recent pape rs ( De Pontieu et alj 12004 lHansteen et al.l 
2006; Jefferies et al.ll2006R " have in fact addressed the possibil- 
ity that small scale magnetic elements might channel part of 
the powerful, low-frequency photospheric p-modes into higher 
atmospheric layers where they can develop into shocks and 
structure the surrounding environment. As described in the 
Introduction, the use of a 2-D spectrometer in this case offers 
a great advantage over fixed slit spectrographs, both because of 
the possibility to follow a posteriori the wandering of the mag- 
netic elements during the course of the observations, and of the 
availability of an extended FOV. The latter supplies a greatly 
improved statistics as well as important information on the local 
magnetic topology. 

In forthcoming papers using IBIS Ca II 854.2 nm observa- 
tions we will demonstrate that acoustic shocks are a pervasive 
characteristics of the quiet chro mosphere, even at the relatively 
low layers sampled by this line dVecchio et alj|200~7al) . and that 
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indeed there is spectral evidence of strong shocks of acoustic 
origin around quiet magnetic network elements (Cauzzi et al., in 
preparation). In both cases the presence of the ubiquitous fibrils 
discussed in Sections [5. 31 and |5~4l proves to be a key ingredient 
of the chromospheric structure, outlining the magnetic canopy 
and defining a tmospheric volumes w ith very different dynami- 
cal propert ies dVecchio et al.ll2007bl) . This strongly supports the 
remarks of lRuttenl p007), that a full understanding of the chro- 
mosphere cannot develop without addressing its 3-dimensional 
nature. A comprehensive approach is needed, that includes for- 
ward 2-D and 3-D numerical simulations coupled with detailed 
radiative transfer on the one side, and high resolution (temporal, 
spatial and spectral) observations over extended fields of view on 
the other. The latter task is currently best addressed by high per- 
formance imaging devices adopting rapidly tunable Fabry-Perot 
interferometers such as IBIS, that eventually will be able also to 
provide full spectro-polarimetric observations. 

Indeed, although we haven't addressed directly the issue in 
this paper, the Call 854.21 nm line is likely the most reliable 
spectral line for measuring magnetic field strength and orien- 
tation in the solar chromosphere. In fact, its contribution func- 
tion (Fig. [5]l suffers much less from the formation gap around 
the temperature minimum than that of Ha. As a result, response 
functions of th e 854.2 Stokes V p rofile to perturbations in the 
magnetic field dUitenbro ek 2006a) indicate that Zeeman polar- 
ization in the line would be much more sensitive to the chromo- 
sph eric field, and over a more coherent r ange of heights than for 
Ha (ISocas-Navarro & Uitenbroekl 2004). Moreover, because hy- 
drogen is a much lighter element, and has a large Doppler width, 
the latter line has intrinsically low linear polarization from the 
transverse Zeeman effect, which is proportional to the square of 
the ratio of Zeeman splitting over Doppler width (IStenflo| [l994. 
p. 259). The Call H and K lines are less suitable for magne- 
tometry because they require modeling with partial frequency 
redistribution (PRD), and the precise interaction of PRD and 
Zeeman polarization is theoretically not well established. The 
Nal D lines provide magnetic sensitivity only in t he upper pho- 
tosphere, lower chromosphere (Uitenbroek 20063). 

Interpretation of polarized spectra from the the Call 854.2 
nm line, as well as other chromospheric signatures, will require 
full inversion techniques, because of the wide range in forma- 
tion heights over the width of the lines. One such a technique has 
been expl ored to determine the chromospheric magnetic fie ld in 
sunspots (ISocas-Navarro et al.ll2000t ISocas-Navarroll2005l) and 
in the quiet Sun dPietarila et al.ll2007al) . showing a promise that 
with high resolution spectro-polarimetric imaging such as those 
provided by IBIS significant progress can be made in the deter- 
mination of chromospheric magnetic fields. 
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Appendix A: Captions for the online movies 

Movie 1 ( http://www.arcetri.astro.it/science/solar/IBIS/movies/ 

CaII.8542.scan.01Oct2005.movie.gif): IBIS spectral scan within the blue 
wing of the Call 854.2 nm line. FOV is about 6()"x40", with spatial scale of 
0.082"/pixel. The first image shows the solar scene acquired with a co-temporal 
G-band channel, and displays normal granulation around two small pores and a 
weak plage region. The spectral images span from 65 pm in the blue wing of the 
Call 854.2 to line core, in steps of 4 pm. The movies then fades from the core 
image back to the G-band image. Each monochromatic image has been obtained 
via speckle-reconstruction iWoger 2006) of a burst of 50 images acquired 
within 20 s. The sequence of narrowband images illustrates how sampling the 
line from wing to core one gradually samples higher layers of the atmosphere, 
from the upper photosphere (where reversed granulation appears obvious) to the 
chromosphere dominated by fibrillar structures. 

Movie 2 lhttp://www.arcetri. astro. it/science/solar/IBIS/movies/ 

31May2004.core.gif): Temporal evolution of the line core intensity of 
Call 854.2 nm, for the data of May 31, 2004. The spatial scale is in arcsec. The 
movie spans 55 minutes, with a time step of 19 s (175 images). See text for 
discussion. 



